A new method has been developed to retrieve neutral temperature T n and composition [O], [N 2 ], [O 2 ] from electron density profiles in the daytime mid-latitude F 2 -region under both quiet and disturbed conditions. A comparison with CHAMP neutral gas density observations in the vicinity of Millstone Hill Incoherent Scatter Radar (ISR) has shown that the retrieved neutral gas densities coincide with the observed ones within the announced accuracy of CHAMP observations, provided that accurate N e (h) ISR profiles are used for the retrieval. The performance of the method has also been tested ingesting Digisonde N e (h) profiles. In this case the agreement with CHAMP neutral gas density observations is less successful. Possible factors that can influence the performance accuracy are investigated. These are mostly related to limitations due to the ionogram scaling and inversion methods, including performance limitations of the sounding technique itself, like for instance during G-conditions. Several tests presented here demonstrate that discrepancies in the hmF2 values provided by the Digisondes could have an important impact on the performance of the method. It should be noted that in all tests performed here using Digisonde N e (h) profiles, the topside part is approximated with the NeQuick model and any assessment concerning the impact of the topside profiler on the accuracy of the method is beyond the scope of this investigation. Despite the limitations related to the use of Digisonde profiles, the proposed method has the potential to monitor the thermosphere at least with ISR N e (h) profiles. Digisonde electron density profiles can also be used if quality improvements are made concerning the ionogram inversion methods.
Introduction
Hundreds of communication, military, navigation satellites orbit around the Earth and those below 2000 km are subjected to drag due to collision with the atmospheric particles. This collision slows down the spacecraft causing it to drop to lower altitudes. Following major magnetic storm activity, the atmosphere heats and expands, exerting an increased drag on satellites orbiting around the Earth. Increased atmospheric drag causes satellites to slow, lose altitude, and finally enter the dense atmosphere. Satellite operation centers have to re-identify hundreds of objects and record their new orbits after large magnetic storm events. For example, during the great geomagnetic storm of 13-14 March 1989, tracking of thousands of space objects was lost and it took North American Aerospace Defence Command many days to reacquire them in their new, lower, faster orbits. Another classic case was the premature loss of Sky Lab. Geomagnetic activity was so severe, for such an extended period, that Sky Lab de-orbited and burned in before a planned Space Shuttle rescue mission was ready to launch. Therefore, the development of methods to monitor and forecast atmospheric drag effects on satellites is a very actual problem with strong economic consequences.
Direct monitoring of the conditions in the upper atmosphere requires satellite and incoherent scatter radar (ISR) observations that are technically very complicated and expensive. The number of ISRs installed worldwide is very limited and they operate episodically. Satellite observations similar to CHAMP or TIMED/ GUVI provide valuable information on the thermosphere but they can be used only for scientific research rather than applications as a single satellite cannot provide global monitoring.
Global 3D first-principle models like the Thermosphere Ionosphere Electrodynamics General Circulation Model (Richmond et al. 1992) or the Coupled Magnetosphere Ionosphere Thermosphere model (Wang et al. 2004 ) are powerful research tools to understand processes in the Earth's environment. But the Earth's upper atmosphere is an open system that receives considerable energy and momentum from the lower atmosphere as well as from the Sun and the magnetosphere. If the impact from the above can be controlled to some extent, the impact from below (tides, gravity waves, tropospheric electric fields) cannot be controlled in principle. Moreover, the response of the upper atmosphere to one and the same impact will be different depending on the prehistory of the state of the magnetosphere and ionosphere. So it is not surprising that such very sophisticated first-principle models demonstrate shortcomings (e.g., Lei et al. 2008 Lei et al. , 2011 . Problems with model description of disturbed conditions were stressed repeatedly. Prölss et al. (1998) have analyzed DE-2 neutral composition observations along with CITM and TIGCM model predictions for the 8 December 1982 geomagnetic storm. It was shown that both models strongly overestimate the O/N 2 enhancement predicting the O/N 2 increase as large as 130% in the evening sector, whereas the measured changes were less than 30%. Kil et al. (2011) have compared the TIMEGCM simulations with GUVI observations during the 20 November 2003 storm. In the American sector, the O/N 2 ratio, at the F peak height, increases by a factor of 3-5 in the model results, while GUVI corresponding observations demonstrate only a minor change. Therefore, it is not clear if such models can be efficiently used for the upper atmosphere monitoring in real time.
Semi-empirical atmospheric density models, such as DTM-94 (Berger et al. 1998) , DTM-2000 , and MSIS-86 (Hedin 1987) , were evaluated by Bruinsma et al. (2004) , comparing the modeled density with CHAMP/STAR densities. The global mean of the density ratios showed that the models underestimate density by 10-20% with an rms of 16-20% for quiet (ap < 15) geomagnetic condition.
Although Bruinsma et al. (2004) have pointed out that the accuracy of CHAMP neutral density observations was not known for disturbed conditions due to unmodeled neutral atmosphere winds, one may find in Lathuillère et al. (2008) an analysis of CHAMP/STAR observations for disturbed conditions and a comparison with the MSISE-00 model (Picone et al. 2002) . This comparison has shown that ''the model statistically underestimates the density disturbance by about 50% for magnetically activity levels less than K p~6 . During more disturbed conditions the model can underestimate the density disturbance amplitude by more than 200%''. The analysis of CHAMP and GRACE neutral density variations during the 20-21 November 2003 geomagnetic storm has shown that the MSISE-00 model underestimates strongly by two times the neutral density disturbance effect (Bruinsma et al. 2006 ).
An alternative approach is being proposed in this paper and it is based on the idea that the ionosphere is a child of the Sun and the upper atmosphere. Consequently, the ionospheric N e (h) profile contains the whole information on the ionizing solar extreme ultraviolet radiation (EUV) radiation, neutral composition, temperature height distribution, and thermospheric winds and therefore, it is possible in principle to retrieve the main aeronomic parameters responsible for the formation of the N e (h) profile, solving an inverse problem. Following this concept, the work presented in this paper exploits recent advances in ionospheric monitoring and modeling for the development of a method able to monitor the upper atmosphere. Although the Earth's upper atmosphere is mainly composed by neutral atoms and molecules as the share of ionized particles is small (even at the ionospheric F 2 -layer maximum, around an altitude of 300 km, the concentration of [O + ] % N e comprises only 0.1% of the total particle concentration), the exploration of the Earth's ionosphere has been started much earlier (in 1920s) than the upper atmosphere (in 1960s) and currently our knowledge of the ionosphere is wider and more systematized. This is due to the simplicity of the ionospheric observations. Ground-based ionosondes operate all over the world and have performed already for several solar cycles, providing a vast database on electron concentration variations in E, F 1 , and F 2 ionospheric layers under various geophysical conditions. Modern digital ionosondes have the possibility to calculate the electron density N e (h) profiles in real time. Data repositories of real time ionospheric observations (Reinisch et al. 2004; Belehaki et al. 2006 ) allow access through the Internet, opening new opportunities for monitoring and modeling the ionosphere but also the upper atmosphere. However, two conditions should be fulfilled for the success of the proposed method: (a) the electron density profile N e (h) should be accurate enough, especially in the vicinity of the F 2 maximum, and (b) the rates of processes forming this profile are supposed to be known with a sufficient accuracy also.
A self-consistent approach to the F-region modeling using ISR observations has been proposed by Mikhailov & Schlegel (1997) with further modifications by Mikhailov & Lilensten (2004) . This method uses ISR observations: N e (h), T i (h), T e (h), V(h) profiles. Solving an inverse problem of aeronomy it is possible to find neutral composition [O] , [O 2 ], [N 2 ], height profile of T n (h), vertical plasma drift W(h), which can be converted to the effective meridional thermospheric wind, and total EUV flux with k 1050 Å responsible for the F 2 -region ionization. This approach provides all important aeronomic parameters simultaneously in a self-consistent way. It has been used to analyze the formation mechanisms of the F 2 -layer both under quiet and disturbed conditions using Millstone Hill and EISCAT ISR observations (e.g., Mikhailov & Förster 1997 , 1999 Mikhailov & Schlegel 2003; Mikhailov & Perrone 2011) .
In this paper we propose a new method, which is analog to the Mikhailov & Lilensten (2004) model, but modified to use as input only ionospheric N e (h) profiles. However, there are several issues that should be considered. Unlike ISR observations for which important parameters such as plasma temperatures T e , T i , and vertical plasma velocity V i are known simultaneously with the electron density, in the case of ionosonde observations we have only bottomside N e (h) profile. Moreover, the height accuracy of such profiles may be different than that of ISR observations, and this will be investigated in Section 4. Therefore in this paper, we concentrate on the following tasks:
(i) to develop a method extracting basic thermospheric parameters from N e (h) profiles, (ii) to test the method using both Digisonde and ISR N e (h) profiles in a comparison with CHAMP/STAR neutral gas density observations under various geophysical conditions, (iii) to investigate the limitations of this method, especially concerning its implementation in real time.
Description of the method
For the convenience of reading we are presenting a brief description of the method mentioning the differences from the basic version (Mikhailov & Schlegel 1997; Mikhailov & Lilensten 2004) . The analysis presented here is focused on the model performance under sunlit conditions at middle latitudes. The roles of different atmospheric species are more distinct under the influence of the ionizing solar EUV and this should help separate them solving the inverse problem of aeronomy. The initial basic method has been developed using reliable ISR N e (h) profiles. In the method we propose here, Digisonde N e (h) profiles will be used optionally as the input. Millstone Hill ISR and Digisonde simultaneous observations provide an appropriate data set for such analysis.
Ionospheric model
The ionospheric model is the instrument used in our method to split the observed N e (h) profile into the aeronomic parameters creating this N e (h) distribution. It should be simple as much as possible to be an operative one and to take into account the main processes responsible for the formation of the daytime mid-latitude F 2 -layer. Nusinov (1992) is used to calculate photo-ionization rates in 48-wavelength intervals (10-1050) Å . The photo-ionization and photo-absorption cross-sections are obtained from Torr et al. (1979) , Richards & Torr (1988) , Richards et al. (1994) , and Ivanov-Kholodny & Nikoljsky (1969) for X-ray emission. The list of chemical processes used in the model is given in Mikhailov & Lilensten (2004) . More recent chemical reaction rate constants may be found, for instance, in Richards (2011) .
Concentration of O + ( 4 S) ions is calculated from the continuity equation
where
V i is total vertical velocity of plasma and W is vertical plasma drift due to thermospheric winds and electric fields. Neglecting electric field effects which are not known in routine ionospheric observations W may be converted into the effective meridional thermospheric wind using the expression
where I and D are magnetic inclination and declination. The shape profile for vertical plasma drift is not known a priori for particular geophysical conditions. Our testing of various shapes for vertical plasma drift has shown that W(h) profiles given in Figure 1 can be used for our aims. Horizontal thermospheric winds varying with altitude were shown to take place in the upper atmosphere both under quiet and disturbed conditions Banks & Kockarts (1973) . A correction factor 1.2 for v O+ÀO was applied in accordance with the results of analyses by Pesnell et al. (1993) , Oliver & Glotfelty (1996) , Buonsanto et al. (1997) , Litvin et al. (2000) . The v ij , q i , b values in equations (1) and (2) depend on the aeronomic parameters which are searched for.
Normally the results of calculations are rather insensitive to the choice of the upper boundary height within the 400-600 km range (Mikhailov & Kofman 2001) . Therefore, we take the upper boundary at 400 km under solar minimum, at 500 km under solar medium, and at 550 km under solar maximum conditions supposing that [O + ] = N e is observed at this height. Normally the low boundary for [O + ] is specified at 160-180 km where [O + ] is supposed to be in the photo-chemical equilibrium. There are both stationary and non-stationary versions of the method. In the case of a non-stationary solution the height profile of O + ions from the previous time step should be specified. In the case of searching for a stationary solution the same scheme is used with iterations until a stable solution is obtained. A comparison has shown that two solutions give close results and normally a stationary solution can be used during daytime hours. However even during daytime, non-stationary conditions may take place and such cases were omitted from our analysis at this stage.
The energy balance equation
Electron and ion temperatures are not the parameters which are of our main interest but they are used in the continuity equation (1) and should be specified. An accurate calculation of plasma temperatures is a very complicated task (Banks & Kockarts 1973) . For our method we need a simple and fast working method which could be efficiently used in the iterative procedure of the thermospheric parameter retrieval. Solving the energy balance equation we will consider the same height range as for the continuity equation (1) with the upper boundary condition for Te which is a fitting parameter in the method. Inside the area we consider only local heating of the electron gas (Banks & Kockarts 1973; Munninghoff 1979) :
where e is the heating efficiency and Q is the total photo-ionization rate, e being a fitting parameter as well. The expressions for electron cooling processes can be found in (Banks & Kockarts 1973; Munninghoff 1979) .
Electron thermal conductivity is included inside the area. The expression for K e may also be found in (Banks & Kockarts 1973) .
The balance equation for the electron gas may be written as follows:
where N e is the electron concentration, T e is the electron temperature, k is Boltzmann's constant, K e is the thermal conductivity for the electron gas, L e is the total cooling rate, and q is the total heating rate of the electron gas which includes both local heating related to photo-ionization and heating coming from processes of the electron gas with neutrals and ions. Depending on the (T e ÀT i ) and (T e ÀT n ) sign some processes may work as heating or cooling the electron gas and they are prescribed either to q or to L e terms in equation (5). Equating the ion thermal energy input from electron-ion collision to that lost through collisions with neutral particles, an approximate expression for the ion temperature can be obtained ignoring thermal conduction (Banks & Kockarts 1973) :
where a % 6 · 10 6 and N n is the neutral gas number density.
Measured input parameters
The list of measured input parameters includes indices of solar and geomagnetic activity: F 10.7 for current and previous days as well as the 81-day running mean F 10.7 value, a background F 10.7 value used in the solar EUV model by Nusinov (1992) , and daily Ap index used in the MSIS-86 model. The background F 10.7 is a smooth varying function whose values change from~65 under solar minimum up to~120 under solar maximum (Nusinov 1984) . The main measured input parameter is the N e (h) profile. In this method we use two sources of getting the N e (h) profile, the ISR and the Digisondes. While ISR provides the whole electron density profile (usually up tõ 700 km), Digisondes perform measurements only for the bottom part of the ionosphere up to the height of the maximum concentration (hmF2). ARTIST software (Reinisch & Huang 1983; Reinisch et al. 2005; Galkin et al. 2008 ) makes the ionogram inversion and delivers the N e (h) profile up to hmF2. For the purposes of this work we need not only the bottomside profile but also the extrapolated part up to the 400-500 km. have developed and implemented in the Digisonde built-in software, a simple approximation for the topside extrapolation. The profile above the peak is approximated by an a-Chapman function with a constant scale height derived from the bottomside profile shape at the F 2 peak. As it was demonstrated earlier (e.g., Belehaki et al. 2003) , this approximation as a rule is not valid for the topside ionosphere, therefore a more precise extrapolation method is needed. The NeQuick model (e.g., Di Giovanni & Radicella 1990; Radicella & Leitinger 2001; Nava et al. 2008 ) improves the extrapolation accuracy, at least for the middle latitudes, where this paper is concerned. Other efforts are under development: the TaD model Kutiev et al. 2009 ) based on the reconstruction of topside density profile by using the topside sounder model profiler and Digisonde data; the new Vary-Chap model of topside electron density profiles based on ISIS-2 sounding data (Reinisch et al. 2007 Bilitza et al. 2011) . Both methods show a good performance, but since they are still under validation, for the purposes of this investigation we will adopt the NeQuick model to extrapolate the bottomside ARTIST profiles. Observed NmF2 and hmF2 values from the ARTIST profile are used in the NeQuick model.
Retrieved parameters
An important point is the list of aeronomic parameters to be searched for. These should be the main parameters responsible for the F 2 -region formation. An analytical solution of the continuity equation for electron concentration in the F 2 -region (e.g., Ivanov-Kholodny & Mikhailov 1986 ) can help select the parameters. In the mid-latitude daytime F 2 -region they are: neutral temperature T n , atomic oxygen [O] , linear loss coefficient
, efficiency of solar ionization, and vertical plasma drift W due to thermospheric winds and electric fields.
All aeronomic parameters may be divided into two groups: rate constants of the processes, relative energy distribution over the solar EUV spectrum which are supposed to be known and those which vary with geophysical conditions. The latter are our main concern.
In the basic method which uses ISR N e (h), T e (h), T i (h), and V O (h) profiles seven parameters are retrieved: three parameters (T ex , S, T 120 ) specifying T n (h) profile, factors for the MSIS-86
concentrations as well as for the total solar EUV flux with k < 1050 Å . Vertical plasma drift W(h) is calculated at each step of fitting using equation (2).
However in the method being developed, we have only N e (h) profile as the measured input ionospheric source of information and this is not enough to find all the parameters mentioned. The list of retrieved parameters necessary to solve our problem includes: exospheric temperature Tex along with the shape parameter S, factors for the MSIS-86 model [O] , [O 2 ], [N 2 ] concentrations, vertical plasma drift W plus two parameters to calculate plasma temperatures (electron temperature at the upper boundary Teupp and e is the heating efficiency). The total EUV flux and T120 are not fitted but taken from the models in accordance with geophysical conditions. The EUV solar flux is taken from the Nusinov (1992) model and T120 from MSIS-86 model (Hedin 1987) . The input parameters of this type may be called as model input parameters. They also vary with geophysical conditions and are used as they are in the empirical models.
The extraction of thermosphere parameters from ionospheric ones is a problem of nonlinear programming (Himmelblau 1972) .
Fitting procedure
To fit the observed N e (h) profile eight aeronomic parameters (Tex, S, FacO, FacO 2 , FacN 2 , W, Teupp, and e) should be found. However among these parameters, Tex is a special one. Exospheric temperature is the key parameter which cannot be found along with the other parameters within one algorithm and a special method has been developed for its determination. The process starts with searching for Tex. The method is run for different Tex in a wide range of Tex values with a small (1-5) deg step. The Tex interval should be 100-150 K around the MSIS-86 Tex value. The remaining seven parameters are fitted simultaneously at each iteration step. The quality of N e (h) fitting depends on Tex and normally there exists the global minimum in delta specified as:
Exospheric temperature Tex corresponding to this global minimum is used for the final model run. Sometimes the D(Tex) dependence has some local minima and the global minimum is found at a very low and unreal Tex. On the other hand, the quality of N e (h) fitting may be sufficient in one of the local minima keeping in mind the limited accuracy of the experimental N e (h) profiles. To overcome this ambiguity an additional parameter R has been introduced:
where q is the neutral gas density which always increases with Tex at given height. The global maximum of R corresponds to one of the local minima in the D(Tex) dependence under the maximal possible q value. Normally two Tex values obtained with the two methods do not coincide and the average of two Tex is taken in this case. Sometimes only one parameter gives Tex reliably and it is used as the final value for calculations. Two cases for Tex specification are given in Figure 2 as an example. Top panels show a case when the two extremes are specified reliably and Tex values obtained from the two parameters are close to each other. Lower panels demonstrate a case when Tex can be found reliably only from one parameter, R as the D parameter gives a plateau in a wide range of Tex values.
The quality of the N e (h) fitting is shown in Figure 3 with two examples, one of the best and one of the worst fitting. Millstone Hill ISR observed N e (h) profiles were used in these calculations.
For the convenience of reading Table 1 summarizes the input parameters of the both measured and model ones used in the method as well as the retrieved parameters followed by the explaining comments.
Testing of the method
The purpose of this section is to test the method's performance and to identify possible limitations in its accuracy (e.g., dependence of the method's performance on the accuracy of the N e (h) profiles and hmF2).
The first test is the self-retrieval, i.e. to check if the method can retrieve the input aeronomic parameters from the calculated N e (h) profile. Table 2 gives an example of such self-retrieval for 14 October 2002. In general, all the results verify that there are some differences between the input and the calculated values, but these are small and in any case they are within the standard error of our calculations, which may be estimated as ±10% for Tex and about ±20% for neutral species (Mikhailov & Lilensten 2004) . One of the possible reasons for these discrepancies of the self-retrieval is that all calculations are made with a single precision.
The second test is crucial and concerns the comparison for the model results with CHAMP/STAR accelerometer observations of the neutral gas density. These excellent observations have been conducted for many years under various geophysical conditions and they open a wide opportunity to test the method. Millstone Hill is selected as the test site, since ISR and Digisonde experiments collocate and therefore it will be possible to test the method's performance by all aspects.
Millstone Hill ISR conducted a long duration 30-day experiment in October 2002. The results of observations can be found at http://madrigal.haystack.mit.edu/madrigal/. ISR observations need a special reduction before being used in calculations. Each particular height profile N e (h) is not smooth exhibiting fluctuations for some reasons and cannot be used for solving the inverse problem. Therefore, median (not average) profiles are calculated over (1.0-1.5) hour time interval which is close to the e-fold time of the daytime F 2 -layer. These median vertical profiles are then smoothed by a polynomial of up to 5th degree before being used in our model calculations. CHAMP neutral gas density observations (http://sisko. colorado.edu/sutton/data.html) are available in the American longitudinal sector for October 2002 during daytime hours and this was a fortunate coincidence. The height of CHAMP orbit was near 400 km that time, therefore neutral gas density was reduced to Millstone Hill location and 400 km height using MSISE-00 (Picone et al. 2002 ) thermospheric model and the following expression:
The height for the reduction should be close to the satellite height to minimize possible errors due to the MSISE-00 imperfectness. Three successive observations close in latitude and Hill (42.6 N, 288 .5 E) were averaged to give the neutral gas density for our comparison. Normally the reduced values of q from three points are close, so the averaged value is reliable.
The October 2002 period was very interesting for this testing as it comprised both quiet and strongly disturbed days. It should be noted that this interval corresponds to solar maximum conditions. Figure 4 gives the variations of daily F 10.7 , daily Ap, and 3-hour ap for the selected UT moments. Millstone Hill ISR and Digisonde hmF2 and NmF2 are also shown for comparison and evaluation.
The first half of the period (October 4-16) was more disturbed than the second half and strong day-to-day NmF2 variations took place. The second part was more stable with moderate positive NmF2 disturbances compared to the monthly median (not shown here) observed. It is worthy to note that the Digisonde-hmF2 measurements are systematically lower than the corresponding values obtained from ISR and this was reported earlier by Chen et al. (1994) . Digisonde-NmF2 values are slightly but systematically larger than ISR-NmF2 values during the second part of this interval.
The model extracted neutral gas density
] at 400 km height is given in Figure 5 in a comparison with CHAMP neutral gas density observations, reduced to the location of Millstone Hill. The MSISE-00 (Picone et al. 2002) and JB2006 (Bowman et al. 2008 ) model predictions are also given in this plot. Here, ISR-N e (h) profiles were used in these model calculations. The absolute uncertainty of CHAMP neutral gas density observations is 10-15% (Bruinsma et al. 2004) , therefore ±10% error bars are added to CHAMP data in Figure 5 . The results of calculations for all 16 days are seen to be in the ±10% interval. Naturally, empirical (statistical) models are unable to reproduce well day-to-day neutral gas density variations. However, JB2006 is seen to describe better relative variations comparing to the MSISE-00 model. An additional comparison of CHAMP neutral gas density observations with MSISE-00 and JB2006 empirical models is presented in Section 4.
A similar comparison has been done for solar minimum conditions using Millstone Hill ISR and CHAMP neutral gas density observations for several days in January 2008. Regardless of the extremely quite geomagnetic activity conditions during this period, unstable (non-stationary) conditions took place in the F 2 -region parameter variations for some days. These days were omitted from our analysis as at this stage a stationary method of calculations is used. The altitude of CHAMP satellite was close to 340 km in January 2008 therefore the observed neutral gas density was reduced to 340 km. Figure 6 gives daily F 10.7 , daily Ap, and 3-hour ap for the selected UT as well as Millstone Hill ISR and Digisonde-hmF2 and -NmF2 variations. That was a deep solar minimum with F 10.7 = 71-72. Daytime F 2 -layer was at 220-230 km with a very low maximum electron density NmF2 ranging from 3 to 4 · 10 5 cm
À3
. Similar to the October 2002 case Digisonde-hmF2 measurements are systematically lower than the ISR-hmF2 values. CHAMP data MSISE-00 ISR Ne(h) JB2006 Fig. 5 . Reduced to the Millstone Hill location and 400 km height CHAMP neutral gas density observations along with ±10% error bars, MSISE-00 and JB2006 model predictions and the model extracted neutral gas density at 400 km height using ISR N e (h) profiles. The model calculated neutral gas density at 340 km in a comparison with the reduced CHAMP observations and MSISE-00 and JB2006 model predictions are given in Figure 7 . Except for one point all the calculated neutral gas densities are in the ±10% corridor around CHAMP observations. Although the model calculated values are close to the observed ones, they slightly but systematically overestimate the observations and this may be indicative of some inconsistencies of the proposed method for solar minimum conditions. The MSISE-00 model overestimates the observed values and this was noted earlier (e.g., Bruinsma & Forbes 2010) , while JB2006 reproduces the observed neutral density variations much better.
The obtained results tell us that the proposed method seems to be efficient if reliable ISR N e (h) profiles are used. Of course, this is an important result as a vast database with Millstone Hill ISR observations under various geophysical conditions exists and a possibility to extract basic thermospheric parameters from these observations is of great interest. However, ISRs perform only in limited locations over the globe. For potential operational implementation of this method globally, it is necessary to investigate the possibility to exploit N e (h) profiles from Digisondes, which form a dense network.
The third test is presented here that concerns assessment of model's performance using as input Digisonde N e (h) profiles. The calculations were repeated for October 2002 and January 2008 periods using Digisonde bottomside profiles in combination with NeQuick topside extrapolations over Millstone Hill. Then median values calculated over 1 hour of observations and smoothed N e (h) profiles were constructed. This has been done for two reasons. On one hand ISR profiles used in our calculations were prepared in this way. One the other hand at this stage we work with the stationary method and the observed N e (h) profiles should be averaged over 1-1.5 hour time interval (e-fold time) to be used in the method. Figure 8 gives the model results of the neutral gas density calculations for October 2002, under solar maximum conditions. For 13 dates the calculated neutral gas densities are in the ±10% corridor however a tendency for the calculated q to be lower than the observations is seen. On October 12, 14, and 15 the calculations are much below the observed values. The cause of this discrepancy will be analyzed further in the Discussion section.
The calculations were also performed for January 2008 (Fig. 9) , for solar minimum conditions. In general the results are similar to October 2002. The model neutral gas density is systematically lower than the observed values and this difference is larger for solar minimum conditions compared to solar maximum (Fig. 8) .
Discussion
The undertaken analysis attempts to investigate the level at which the inverse problem of aeronomy, i.e. the retrieval of thermospheric parameters from observed N e (h) profiles, can be successfully resolved with the proposed method, ingesting N e (h) profiles from ISR and Digisondes.
Currently, the only possibility to monitor the thermosphere is to use empirical (statistical) thermospheric models. These models rely very heavily on the assimilated density data. Predictions under conditions for which no or (too) few data were available, or inaccurate data were assimilated, may be significantly in error (Bruinsma et al. 2004) .
A comparison of CHAMP observations with the MSISE-00 (Picone et al. 2002) thermospheric model (Figs. 5 and 7) shows that MSISE-00 on one hand systematically overestimates the neutral gas density, on the other hand it does not reproduce relative day-to-day variations in q (e.g., Fig. 5 ) clearly seen in CHAMP observations. The results for JB2006 model look much better. To confirm this result, this comparison has been extended for the whole October 2002 and February 2008 using statistically sufficient number of cases. The results are given in Figure 10 and in Table 3 .
These results demonstrate that both models underestimate CHAMP observations in October 2002: MSISE-00 by 17% and JB2006 by 11%. In February 2008 MSISE-00 strongly (>40%) while JB2006 slightly (~15%) overestimate the CHAMP observations. These model deviations from the observations cannot be related with the data reduction to fixed heights as the height of CHAMP orbit was close to 400 km in October 2002 and it was around 340 km in February 2008. In general JB2006 is seen to demonstrate better results both in SD and MRD characteristics. This was earlier also shown by Bowman et al. (2008, see their Fig. 17 ).
The histograms in Figure 10 show that large deviations of model values from observations can occur. This is a well-known problem of all empirical (statistical) models, due to the very method of their construction they cannot properly describe individual large day-to-day variations. On the other hand, the ionosphere follows day-to-day variations in the thermosphere (the reasons for these variations may be a lot) and it can give information on the thermosphere current state. Therefore, the proposed method based on the analysis of N e (h) profiles in principle shows the way for more efficient thermospheric monitoring.
Given the real necessity to develop a reliable method that can be applied to any geographic location under any geophysical conditions, a further assessment of the results obtained here is attempted. This method was first tested with ISR data and compared with CHAMP density measurements. The accuracy was within the limits of the STAR measurements (±15%) and the performance was comparable to the JB2006 model. Routine Digisonde N e (h) profiles were also considered as input to the proposed method. In this case, considerable limitations in the method's performance were detected. As Digisonde observations provide only the bottomside N e (h) profile, limitations can be either due to inaccuracies in the ionogram inversion method and/or due to the reliability of the reconstructed topside profile. For the purposes of this work, NeQuick extrapolated profiles are used, but again the method's performance is poorer than in the case of using ISR profiles. This is more evident during solar minimum conditions. To discuss further this point, we focus on the difference between ISR and Digisonde hmF2 estimations noted in Section 3. In particular, Digisonde hmF2 estimations were systematically lower than the ISR ones in all presented examples in Figures 4 and 6. Low hmF2 implies low thermospheric temperature that results in low neutral gas density at a fixed height and therefore it may explain the underestimation of the neutral gas density provided by the proposed method in respect to the CHAMP observations (Figs. 8 and 9 ).
To further approach this problem, we can go back to the test period of October 2002. Figure 8 shows that the calculations gave very low neutral gas density for three dates: October 12, 14, and 15, 2002 . Table 4 gives hmF2 from Digisonde and ISR N e (h) profiles as well as calculated Tex using these profiles. In all three cases Digisonde hmF2 are much lower than ISR ones. Low hmF2 yield in low thermospheric temperature and Table 4 does show these low Tex compared to Tex retrieved from ISR N e (h). Low neutral temperature results in low neutral gas density at a fixed height (400 km in our case). Therefore, low Digisonde hmF2 observed for these dates may be considered as the reason for low neutral gas density obtained in our calculations while ISR N e (h) give acceptable q values for the same dates (Fig. 7) .
From the practical point of view it may be useful to know the effect of small hmF2 variations in the method's results. Here we only give the results of an N e (h) shift as a whole, but in reality the shape of N e (h) profile should also change along with hmF2 changing and this should result in additional variations of the retrieved thermospheric parameters. Table 5 gives the calculated thermospheric parameter when the whole N e (h) profile is shifted by +5 to À20 km. The same 14 October 2002 day was considered. Table 5 shows that a downward N e (h) shift by 25 km corresponds to the Tex decrease by~6% and the neutral gas density decrease at 300 km by~20%, which consists of~9.5% decrease in [O] ,~30% decrease in [N 2 ], and~27% decrease in [O 2 ]. The accuracy D of fitting is seen to decrease when the N e (h) profile is shifted downward. Lower hmF2 may result in a low fitting accuracy and low calculated neutral gas density. Although a ±10 km shift in hmF2 is not important for HF communication purposes, it has a measurable effect on the results of this specific application.
Inaccurate hmF2, if exists, is a source of a systematic error for this method. Moreover, the method cannot work under specific geophysical conditions, if Digisonde N e (h) profiles are used. An example of such conditions is presented in Figure 11 . During strong negative disturbances like the one observed on 15 December 2006 at Millstone Hill, Digisonde observed F 1 -layer maximum (G-conditions) and any information on the This difference was discussed earlier by Chen et al. (1994) . Under negative storm phase on 15 December 2006 Digisonde hmF2 values are systematically lower than ISR hmF2 as under G-conditions the Digisonde observes F 1 -layer as the main ionospheric maximum. This shows that a qualitative analysis of ionospheric conditions should be performed before ingesting the N e (h) Digisonde profiles to our model, in order to eliminate use of ionograms that could result to misleading calculations for the neutral density. Finally, it should be stressed that the proposed method is not only designed to calculate the neutral gas density. Empirical models like Bowman et al. (2008) or Emmert & Picone (2010) are also able to describe this thermospheric parameter with an acceptable accuracy on average. The proposed method allows us to retrieve a self-consistent set of the basic thermospheric parameters: neutral temperature, atomic oxygen, molecular nitrogen, and to some extent molecular oxygen which varies in the frame of MSIS-86 model along with neutral temperature in the iterative process of N e (h) fitting. At present there is no possibility to compare the calculated neutral composition with any direct observations -neutral gas density provided by CHAMP is the integral characteristic of the thermosphere which includes the contributions both from neutral composition and temperature. However, indirect checks can be done. For instance, analyzing the N e (h) profiles which correspond to negative (14 October 2002) and a small positive (28 October 2002) F 2 -layer storms, the method gives different O/N 2 ratios at 300 km: 1.6 for October 14 and 7.0 for October 28 in accordance with the present-day understanding of the F 2 -layer storm mechanisms. MSISE-00 predicts very moderate O/N 2 ratio variations: 3.8 for October 14 and 4.6 for October 28. The enrichment of the thermosphere with heavy molecular species during negative storms should result in ion composition enriched with molecule ions and this does take place. Figure 12 gives O + /Ne ratio for these two days in a comparison with the standard ion composition model used at Millstone Hill during the autocorrelation function analysis.
The ionosphere strongly enriched with heavy molecule ions NO + and O + below 250 km during negative storm day is seen in Figure 12 . Positive storm effect is mostly related to thermospheric winds rather than neutral composition changes (Prölss 2004) . For this reason the relative ion composition is close to the standard model. This comparison also demonstrates the efficiency of the proposed method.
Conclusions
1. For the first time it was shown a principal possibility to retrieve a self-consistent set of the main thermospheric parameters (T n , [O] , [N 2 ], [O 2 ]) from electron density profiles in the daytime mid-latitude F 2 -region. 2. A comparison with CHAMP neutral gas density observations both under solar maximum (October 2002) and solar minimum (February 2008) conditions has shown that the retrieved gas densities are in the ±(10-15)% corridor corresponding to the absolute inaccuracy of CHAMP observations, provided that accurate N e (h) ISR profiles are used for the retrieval. This is an important result as there exists a vast database with Millstone Hill ISR observations under various geophysical conditions and a possibility to extract basic thermospheric parameters from these observations is of great interest. 3. The implementation of the method with Digisonde N e (h) profiles shows a less successful performance, compared to the results obtained using ISR N e (h) profiles. Possible reasons have been investigated including the specific ionogram inversion method applied to Digisonde bottomside profiles that could lead to inaccuracies in the hmF2 calculation. Pretty roughly extrapolated topside Digisonde N e (h) profiles do not also help in an efficient performance of our method. Therefore, for this application, the topside part of the N e (h) profiles was approximated using the NeQuick model. As a future step it is planned to investigate also the performance of various topside profilers in respect to measured topside profiles (including FORMOSAT-3/ COSMIC radio occultation observations) and to assess the impact of possible inaccuracies to our method. 
